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Abstract

This paper addresses the question of how Modular Design methods can support the
development of complex products. The goal of selected Modular Design methods is to improve
transparency in the development of modular systems to be able to structure these systems in a
way that adds value to the observed company and to derive optimized product architectures
from the conducted procedures. The problem addressed here is that existing methods can
develop increasingly less transparency within the development of complex products, since the
extent of these products rises increasingly. This increases the complexity of the work steps and
scope of work, which results in a reduction of the immediate transparency in observing the
underlying product architecture. To address this pain points, two selected methods in the
context of Modular Design are exemplary adapted to agile approaches and principles. These
adaptations are applied to two underlying case studies, each of which has to do with the
development of complex products in various aspects. In the case studies, different process
perspectives are depicted, which offer both a development process (further development of an
existing system) of a laser cutting machine tool of a mechanical engineering company, as well
as a development project (new design of a system with a high degree of novel development) of
a smart industrial valve of a medium-sized engineering manufacturer with, in addition, an
unknown proportion of new development as an investigation environment. The results show
the integration of agile aspects in selected Modular Design methods as a successful support in
generating transparency in the development of complex products and systems, in different
process perspectives. At the same time, the research also shows that adaptations to the studied
methods are necessary, such as continuous and centralized concept documentation, to apply
them in an agile context.

Keywords: modular design, complex systems, product architecture, integrated product
development, agile adaption



1 Introduction

As a result of the increasing demand for customized products and constant technological
progress, manufacturing companies are forced to constantly expand and improve their range of
products and services and to rethink and adapt their business models. This leads to ever shorter
development cycles and, at the same time, to ever more complex systems and products, as
market requirements have to be responded to more flexibly and intensively. In the medium to
long term, this development leads to a strong increase in internal complexity within the
company and thus to higher costs in the development and manufacture of such systems.
(Blecker & Abdelkafi, 2006; ElMaraghy et al., 2012; Krause et al., 2014)

An increasing diversity of offerings often leads to an increasing number of product components
and processes within a company. This causes direct costs, such as higher administrative
expenses and additional storage space requirements, but also increases complexity costs, such
as higher error rates due to decreasing transparency within the company. (Krause et al., 2014;
Ripperda & Krause, 2017)

To counteract this trend, the literature refers to the development of modular product
architectures. These allow different products to be configured from a set of existing
components, rather than developing a new product for each customer (Krause et al., 2014).
Another way to increase transparency in the development of such complex systems and
products is to map these products in a digital twin (Laukotka et al., 2021). Model-based
simulations of product architectures also enable supported viewing of various aspects of a
complex systems (Seiler et al., 2019). However, the development of modular product
architectures, as well as the mapping in a digital twin and the model-based support in the context
of increasingly complex products, is also becoming more and more demanding. Examples of
this are the development of Product-Service Systems (Isaksson et al., 2009; Reim et al., 2015;
Rennpferdt & Krause, 2020) or cyber-physical systems (Porter & Heppelmann, 2014;
Tomiyama et al., 2019) in which various additional aspects have to be considered. The question
that arises in this context is how transparency in the development of complex systems can be
enabled again and thus the successful development of such systems can be supported.

2 Research Background

A literature review by Yassine (Yassine, 2021) serves as the basis for the consideration of the
research background. As mentioned in the introduction of this paper, products are becoming
increasingly complex and mastering the development of these complex systems and products
requires an adaptation of the underlying methods and approaches.

In the literature review, Yassine performs an integrative analysis of different theories, models,
and tools that can be used to support the design of complex products. In doing so, Yassine
distinguishes in three domains: product, process, and people, as well as their common
intersections. (Yassine, 2021)

Due to the limitations of the paper, only the three overarching domains will be discussed in
more detail below.

2.1 Product domain and Modular Architecture Design

In the product domain, the product architecture is defined. Here, the decomposition of the
product architecture and a modular product architecture play a crucial role in handling the
development of complex products (Yassine, 2021). Based on this, tools such as the Design
Structure Matrix (DSM) (Steward, 1981), the Modular Function Deployment (MFD) (Erixon,
1998) or Mechanical Electrical Sofiware Architecture (MESA) (Askhgj et al., 2021) can be
mentioned for Modular Design. In addition methods are e.g., the Design for Variety Method



(Kipp & Krause, 2008), the Life Phase Modularization (LPM) (Blees et al., 2010) as well as
METUS (Gopfert, 1998). Furthermore, approaches to this domain are exemplary the Integrated
PKT-Approach (Krause et al., 2014) or the Product Family Master Plan (Simpson et al., 2012).
The Integrated PKT-Approach enables a technical-functional and product-strategic view of the
underlying product architecture. This enables a more holistic view and reduction of variant-
induced complexity in product architectures. The core methods of the Integrated PKT-
Approach are the Design for Variety (DfV) method according to Kipp and Krause (2008) and
Life Phase Modularization (LPM) according to Blees et al. (2010). The DfV serves as preceding
the LPM, but the LPM can also be applied independently. Figure 1 shows the two methods,
including the method steps and their sequential character. Afterwards a short introduction in
these methods is conducted.
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Figure 1. traditional sequential process of Design for Variety Method (Kipp & Krause, 2008) and Life
Phase Modularization (Blees et al., 2010)

The method DfV by Kipp maps the external variety of a portfolio to the internal component
variety via different analysis and synthesis steps. Thereby the external variety is mapped by the
customer relevant product requirements (R) and the internal variety by functions (F), logics (L)
and physical components (P). This categorization is somewhat similar to the classification from
Systems Engineering (RFLP-Approach (Eigner et al., 2014)), but in DfV the focus is on the
variety of elements. The goal of the method is to reduce and optimize the dependencies of
internal component variety on relevant product requirements. An excerpt can be taken from
Figure 1. (Kipp & Krause, 2008)

LPM by Blees harmonizes module cuts across all life phases involved so that the most uniform
module cut possible can be mapped along the product life cycle. In the process, various life
phase-specific module drivers are applied to the product architecture. The subsequent
harminization results then in synergies in purchasing, maintenance, production and other life
phases. (Blees et al., 2010)

2.2 Process Domain and Agile Product Development

The process domain refers to how different development projects are managed in the design
process. This is partly about how a project is set up, including the process, requirements and
results. As a proxy for this, three exemplary approaches emerge from research. Agile product
development (Schmidt et al., 2018), such as the Agile System Design Approach by Albers et al.
(2019) as an example, Continuous Integration and Continuous Deployment, such as by Galabba
(2019), and DevOps, such as by Ebert et al. (2016) and Fitzgerald and Stol (2017). All these



approaches have their origin in software development but are more and more integrated into
the development of mechatronic systems.

The Agile Manifesto, in which the four agile values and the twelve agile principles are laid
down, serves as the basis for agile frameworks and techniques. The values include, for example,
that the interaction of individuals should be given higher priority than the processes and tools
that are used. An example of an agile principle is the acceptance of change. The rest of the
values and principles can be found in the Agile Manifesto. (Beck et al., 2001)

2.3 People & Organization Domain

Finally, the domain of people addresses the organization of the communication pattern. Based
on e.g., the Mirroring Hypothesis can be named. In the Mirroring Hypothesis it is concerned
that the organizational structures adapt themselves in the course of the time to those of the
product architecture (Colfer & Baldwin, 2016). In conclusion, the analysis shows that different
approaches are used in different domains for the handling of complex products and the
transparency required for this. Taking the analyzed results further, the product and people
domains can be addressed by developing modular product families. The referred Mirroring
Hypothesis by Colfer and Baldwin (2016) supports the clustering of people and product, as the
organization adapts to the product architecture.

The process and people domains can exemplarily be covered by methods and approaches of
agile product development with Continuous Integration and Continuous Deployment and
DevOps, since these support the process of developing and testing complex products in e.g.,
several iteration steps.

2.4 Research Hypothesis

As a result of the analysis, the hypothesis arises:

Agile adaption support or complements the development of modular product architectures in
handling the development of increasingly complex systems and products.

An analysis on agile adaptions in the development of modular product architectures, conducted
on databases as Scopus and Web-of-Science, reveals a focus of publications on manufacturing
and agility in the production processes. The analysis of the abstracts of the publications
indicates, that there is hardly any reference to the development of modular product
architectures. Further indications going in a similar direction can be taken from Birk et al.
(2021) and Zuefle et al. (2022). As a conclusion, this hypothesis has to be examined by means
of practical examples, which is conducted in the following.

3 Structure of Paper

From the literature review, it emerged that agile practices and Modular Design methodologies
have not yet been extensively considered, but according to Yassine's review, can have a critical
advantage in handling complex products. Derived from this, this paper addresses the hypothesis
that an adaptation of Modular Design in terms of principles and values of agile practices can
increase transparency and improve the development of complex products.

In order to examine the hypothesis, two case studies are considered which, in relation to
Yassine's classification, allow two different views of the domain process. One is the novel
project development and the other is the continuous development of existing systems. These
case studies are described in Sections 4.1 and 4.2. Section 5.1 then introduces the discussed
Modular Design methods and afterwards in Section 5.2 the values and principles of the Agile
Manifesto as the basis for the agile approach are presented as fudamentals. Subsequently, the



discussed selection of Modular Design methods is combined in Section 5 with the presented
values and principles to create an adaptation of the considered methods. To validate the
adaptation, the presented case studies are used, in which the adaptation was applied. This results
in findings for a successful adaptation, as well as still open points of consideration, which will
be dealt with further in the discussion and the outlook.

4 Introduction of considered case studies

To be able to consider the points from the introduction, two case studies serve as examination
objects. In this context, the various considerations are intended to provide a more
comprehensive representation of the Process Domain introduced in Section 2. One case study
looks at a process-based development (enhancement of an existing system) and the other at a
project-based development (development project with a high degree of novelty). Both case
studies deal with the development of complex systems, in which the transparency decreases for
different reasons and is to be regenerated by suitable method applications.

4.1 Agile development of existing machine tools

The first case study in this publication relates to a project in an agile development environment
for machine tools at a German manufacturing company. The objective of this project is to
analyze and evolve the existing modular kit by using the Integrated PKT-Approach (Krause et
al., 2014). The primary aspects are the structuring of customer functions offered, as well as their
impact on the architecture in the modular kit and the integration of software and other
development disciplines, such as electronics, fluidics and optics, in the methodical design of
modular product architectures. This should enable the modular kit to respond more efficiently
to customer requirements without having an excessively high impact on the developed
architecture. The collaborative design of the product architecture, based on different
development disciplines, leads to an increasing complexity in communication, modular design,
process procedures and maintainability.

In order to be able to handle this complexity in these products and the modular kit, an agile
development process has been established in the research & development environment of the
case study. Semi-annual development processes for machine releases lead to continuous testing,
adaptation, integration and deployment of the product versions. The development process itself
is divided into sprints based on the agile framework SCRUM and includes defined milestones
for interfaces and design changes.

To ensure that the project goals can be achieved in the context of the research environment, it
is necessary to integrate the methods and tools used from the Integrated PKT Approach into the
agile development process and the agile activities carried out within it, enabling them to be
adapted accordingly.

4.2 Development of novel smart industrial valves

The second case study is a development project in the field of industrial valves. The objective
of the project is to match the existing high variety of pressure reducing valves on the market
with a newly developed modular kit. The Integrated PKT-Approach is used to design the
modular kit in such a way that the internal variety of components is minimized as far as possible.
An additional objective of the project is to enhance the existing pressure reducing valves with
innovative sensor technology, thus enabling them for Industry 4.0 applications. These smart
valves should record process data, such as pressure and temperature, and transmit them to the
plant management system. The characteristic feature of the pressure reducing valves in question
is that they are self-regulating valves that function without an external energy and signal supply.



The sensor technology being developed, therefore, needs to be self-sufficient and generate the
required energy through energy harvesting.

The challenges in the project are the two partly contradictory objectives. On the one hand, the
internal product variety should be reduced, and a modular kit should be implemented that covers
the existing external product variety. On the other hand, an innovative sensor concept is to be
developed to record and forward data what increases the internal variety. In contrast to the
existing internal variety, the requirements for the new sensor technology are not completely
defined at the beginning of the project. Therefore, the development of the sensor technology is
performed iteratively. While the internal and external variety are captured and analyzed
according to the Design for Variety method of the Integrated PKT-Approach, concepts for the
measurement tasks, the energy harvesting and the data communication were developed in
parallel. The goal of these initial concept developments was to determine more precisely which
energy harvesting principles provide which amounts of energy and which parameters can be
measured and how they can be sent. The results of the initial concept development of the sensor
technology were aligned with the results of the analysis of internal and external variety and
considered in the next step of Design for Variety method. In parallel, the concepts were further
developed and concretized. Figure 2 shows the procedure described.

Design of Sensor System

Design for Variety . ; » 5 q Development of
(focus on existing products) Analysis of External Variety Analysis of Internal Variety Variety-Oriented Concepts

Figure 2. Schematic representation of the development process, redesign of the existing products (left) and
iterative development of new product features (right) with the information exchange

5 Fundamentals of considered methods and agile aspects

Since a selection of modular design methods is to be adapted to an agile application in this
work, the corresponding agile aspects from the process and people domain which are used for
the adaptation are briefly discussed. For this purpose, the agile aspects, such as values and
principles, are placed in a method development context, which is discussed in more detail.
Subsequently, the findings are integrated and analyzed in the adaptation of the presented
methods from the product and process domain.

5.1 Analysis of potential by agile considerations

As already discussed in the research background, agile methods and approaches offer a way to
address the process and people domains in complex systems and products. The literature
research conducted shows that there are differences in the approaches to agile development,
which were dealt with more intensively for this paper. Due to the page limitations, the selection
mentioned in the research background and the insights gained from it will not be discussed in
more detail. For more extensive information, reference is made to e.g., Heimicke et al.
(Heimicke et al.) among others. For this paper, the focus is primarily on a selection of agile
values and principles by Agile Manifesto (Beck et al., 2001), as basis for agile approaches, that
could be implemented in the two case studies and hence were the basis for further consideration.
The values and principles were elaborated in the context of method development so that the
meaning and objective of these values and principles could be translated into more focused
descriptions for the analysis of methods in product development. This was necessary because
the meaning of these values and principles is very general and there is a gap in the understanding
of these aspects in method development. The focused interpretation of the values (updated to



method requirements) and principles (updated to method characteristics) can be seen in Figure
3. These aspects were elaborated with 7 method developers in a three-step process including
several workshops.
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Figure 3. Adaption of agile values (bottom level) and principles (second level) on method development
inspired by Agile Manifesto (Beck et al., 2001) extended by frameworks and practices (top levels).

The requirements and characteristics in Figure 3 are extended to include possible frameworks
and agile practices. However, the focus of this elaboration is on the first two levels. The above
definitions and classifications will be used for further consideration in this paper.

5.2 Agile Adaption of Modular Design Methods

The two case studies presented in Section 4 deal with the development of complex systems and
products or with the development of products whose novelty or analogous constraints make the
system/product complex. Modular product architectures are used or developed for these
systems to manage the complexity of them and to use internal company potentials. For the
further improvement of transparency and consistency of requirements, the methods and
approaches for developing modular product architectures are extended to include a selection of
the presented agile principles and values as updated method requirements and characteristics
from Figure 3.

In the traditional application of the Modular Design (MD) methods presented in the case studies
is sequential, as is depicted in Figure 1. Thus, first the product architecture is designed and
adapted according to variety, so that the internal variety is optimized or optimally reduced,
while the external variety remains the same (DfV). Then, in the LPM, a harmonization of the
module sections is aimed at by integrating purchasing, production, sales, service, after-sales
and other company-specific life phases. In this way, a common understanding of modules can
be developed, taking into account different module drivers. (Krause et al., 2014)

In the context of complex products, such as an entire laser cutting machine or a new product
with sensor components previously unknown to the manufacturing company, this sequential
procedure leads to a very high effort in documentation, case and scenario considerations, as
well as many uncertain parameters complicating the development.

By considering characteristics P.08, P.11 (both Incremental MVP-Development (Fig. 3), P.01
and P.12 (,,P* stands for allocated agile Principle) an iterative adaption of the presented methods
can support those principles in shortening the development cycles and increasing the
traceability of continuous improvement. In addition, further adaptions have to be made to
enable characteristics P.08 and P.11. Every iteration of the presented methods have to result in
a functional increment, which can be validated and expended in following iterations. This can



be done by using Definitions-of-Done or similar for each method-iteration. In addition, by
adjusting aspects from agile framework SCRUM time boxing processes support creating
increments in this consideration (Zimmermann et al., 2021). To adapt characteristics P.03 and
P.10 (both Requirements Adaption (Fig. 3)) to the presented methods, they have to be used in
an intuitive and easy way. Thus both methods work with visualizations and simplified steps,
this can be assumed as given (Krause et al., 2014). Characteristics P.02 and P.09 (both
Harmonized Collaboration (Fig. 3)) are related to the stakeholders and the communication of
results and ideas. By integrating product management and sales into DfV by Kipp and different
life phases into the LPM by Blees, different Stakeholders can be integrated into the processes
as early as possible and also validation procedures can be conducted in early stages.
Characteristics P.06 and P.12 (Mirrowing Hypothesis (Fig. 3)) are about the self-organization
of development teams as well as the self-dependent employees and can be adapted to the
presented methods as well. Due to the fact, that the methods consider modelling a system these
systems also can be defined as a subsystem. By limiting the observed system to a size of a
development team, these teams can work self-organized and self-dependent on a specific scope.
For validating and integration the increment into the supersystem the team has to constantly
consider the requirements and characteristic P.11. Here for example, interfaces can be named.
Due to the fact that the focus of an iteration is on a specific subsystem or subproblem, their
interfaces have to be definied and documented, so that the increment can expand the previous
functional product partials.

In conclusion, the methods discussed were placed in a subsystem and iterative context with
respect to the organization of development teams and events, in which partial aspects of the
overall product are processed in each cycle. This can be exemplary seen in Figure 4. Instead of
analysing and developing a final product, the focus is set on a Minimal Viable Product (MVP)
by focusing on subproblems or subsystems with a prioritized limited scope. This is defined by
a Definition of Done which depicts the “Goals” of each iteration (also see Fig. 4 upper left and
then each start of an iteration).
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For example, the Minimal Viable Product (MVP) is a converted industrial valve that has a
mounted energy sensor wired to a computer standing beside. On the other hand, the focus can
also be placed on a subsystem in the complex product to analyze and design a very specific
functionality. In this way, the subsystems concerned can be considered and the peripheral
subsystems added successively. These two options lead to the understanding that the designed
system reaches different degrees of fulfillment each iteration in a specific scope. This is also
depicted in Figure 4 by a 3x3x3 cube which illustrates the progress of the designed system.

In addition, for each step the validation and the testing of the requirements put into the
process has to be performed. In an iterative procedure this can be done more frequently and



more specific on the investigated system. In Figure 4 this is illustrated in two ways. First the
quality and validation degree of the developed system is depicted in the cube by different
strengths of blue. This visualizes that due to iterative and incremental development, the results
generated in iteration t-1 can be confirmed by the results from the subsequent iteration while
building on the previous results. Furthermore, the design results and adapted requirements
based on each iteration can be integrated in a continuous Modular Product Family Concept
which exists parallel to all iterative executions of the methods. This enables a consistent
documentation of all previous results and steps for further development and overall validation.
Without this continuous memory of concepts, requirements and further sepcifications, as e.g.,
interface definitions, the agile adaption could not work in full amount.

In conclusion it can be shown, that the presented methods can be adapted to agile principles.
For this, a few modifications must be done. For example, there has to be an continuous memory
for documenting all increments and iterations. In addition, the consideration of external
influences on subsystems has to be illustrated and mentioned.

6 Validation

Various aspects of the case studies presented can be used to validate the elaborated results.

In the process case study of the laser cutting machine, this can be described and analyzed using
the example of a new derivative from the existing modular kit. This derivation should fulfill
new customer-relevant properties and requirements, but internally be designed to be as variant-
oriented as possible. Due to the novelty of the product's functionalities, the effects on the
product architecture were not foreseeable at the beginning. To increase the transparency of the
changes and effects on the product architecture, the Design for Variety and the Life Phase
Modularization were applied iteratively in cross-functional teams and stakeholders. Figure 5
shows the iterations of the Design for Variety. It is well recognizable how the work with the
representation becomes more concrete via the loops and leads to increasing transparency of the
product architecture. In more detail, the understanding of the product architecture develops
from a rough sense of which modules are affected to a detailed understanding of how the new
functionalities affect components, processes, but also circuits due to joint workshops.
Building on the individual iteration results (increments), further life phases were involved.
Using the LPM, it was possible to validate the impressions of the requirements in the
visualization shown in Figure 5 and then to harmonize the common understanding. An
exemplary result of the iterative LPM is that the product architecture could be harmonized with
other life phases, such as sales and production, continuously and as early as possible. This
makes it feasible to implement adjustments in the production process as well as in the product
configuration at an early stage.

| @ o & [ TS G
3 : ‘ oL . [ . w
: - : — ( ; — ( : — /
il - |l ) L ) Ll

B /e —— o Il e / S )
B LY T /AN e 1T N BCE Tl
O Workshop-Iterations ’ ‘ e ‘ ] i /
71’ Sprint-Iterations 1
E Requirements / Properties Working principles / Logic - variant - variant amount
Functions El Components optional - optional & variant

Figure 1. Abstracted representation of the Design for Variety iterations on an interactive online
whiteboard.



By applying agile principles and methods of modular design, the development of the new
product variety could be developed more quickly than previous projects. The early validation
and adaptation, as well as the focus on subsystems, increased transparency already in the first
iterations.

In the project case study of the valves, the challenge is that at the beginning of the development
it is not clear how the customer-relevant feature "measure data" can be realized, because the
amount of energy available is unknown. Therefore, the initial step is to analyze which working
principle can be used to generate energy in the context of the valves. Based on this, tests on the
test rig are used to evaluate which working principle provides which amount of energy, thus
validating the preliminary considerations. The result of this iteration is a MVP. Using these
results, the customer-relevant property "measure data" can then be more specifically defined,
and in the next iteration, e.g., suitable sensor technology for measuring data can be developed,
taking into account the amount of energy available.

7 Discussion

The context presented here, in which Modular Design can be thought agile, brings advantages
to its application. Nevertheless, the context here does not consider the holistic agile mindset,
values and princliples, as well as methods and tools. In this paper, the focus is on increasing
transparency by adapting to a selection of agile principples, as mentioned in Section 4.4. People
as an integral part of product engineering are not explicitly addressed in this paper but must
always be considered as well. For the analysis and conception of an agile modular design, the
Integrated PKT-Approach was highly suitable in this case, because both it has various
independent and scalable methods as a method construction kit, and it is already a part of the
case studies. However, the Integrated PKT-Approach is not the only approach that deals with
modular design. Other approaches must be considered separately within this context.

In conclusion, the analysis and findings presented here provide an interesting and usable
construct that supports agile aspects and principles in the development of modular architectures
and confirm, that agile aspects can lead to increasing transparency in modular design for
complex systems.

8 Outlook

For the context described here to be further developed and concretized, further aspects and
principles of agile product engineering and similar approaches must be investigated and
integrated. The case studies continue to offer a good research environment for validating the
concepts. In addition, the team composition and the collaboration of different stakeholders must
be examined more closely in the further course of the research. The formation of cross-
functional teams for early validation and adaptation creates challenges that were not directly
apparent before. In addition, a framework of the process, needs to be explored in more detail,
into which the methods considered fit.
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